This paper investigates the dynamical processes through which the Tibetan Plateau (TP) influences the East Asian summer monsoon (EASM) within the framework of the moist static energy (MSE) budget, using both observations and atmospheric general circulation model (AGCM) simulations. The focus is on the most prominent feature of the EASM, the so-called meiyu-baiu (MB), which is characterized by a well-defined, southwest-northeast elongated quasi-stationary rainfall band, spanning from eastern China to Japan and into the northwestern Pacific Ocean between mid-June and mid-July.
Introduction
Monsoons are conventionally defined as summertime tropical circulations with seasonally reversing prevailing winds accompanied by alternating dry and wet seasons associated with zonally asymmetric heating (e.g., Webster 1987; Webster and Fasullo 2003; Trenberth et al. 2006) and exert a significant and far-reaching influence on the general circulation of the atmosphere, the global hydrological cycle, and the atmospheric energy transport (e.g., Dima and Wallace 2003; Rodwell and Hoskins 1996, 2001 ). The Asian monsoon, the largest monsoon system on Earth, plays a crucial role in the entire Eastern Hemisphere tropics, subtropics, and midlatitudes, and affects 60% of the world population (e.g., Wang 2006) . The East Asian summer monsoon (EASM) is one important branch of the Asian monsoon. On the large scale, the EASM is primarily characterized by a quasi-stationary, southwest-northeast elongated rainfall band, spanning from China to Japan into the northwestern Pacific (Fig. 1a) . This precipitation front brings the major rainy season, referred to as meiyu in China and baiu in Japan, 1 in these densely populated and rapidly growing regions. Its large intraseasonal and interannual variability causes flooding, droughts, heat waves, and other consequent natural hazards, affecting millions of people's lives and resulting in huge economic losses (e.g., Gao and Yang 2009; Sampe and Xie 2010; Waliser 2006; Yang and Lau 2006) .
The EASM is different from the Indian monsoon and other monsoon systems in that it is characterized by mixed tropical and midlatitude influences with frontal systems and jet stream effects (Ding and Chan 2005; Molnar et al. 2010) . One of its notable features is its seasonal northward and northeastward migration remarked by three stationary periods, two abrupt northward jumps, and rapid southward retreat: heavy rainfall starts in the South China Sea (SCS) and tropical oceans at the beginning of May and shifts rapidly to the Yangtze River Valley, the Korean peninsula, and southern Japan in mid-June, when the meiyu-baiu (MB) front reaches maturity; in mid-July, the rainfall core jumps to northern and northeast China, marking the end of the MB, then retreats back to South China at the end of August (e.g., Ding and Chan 2005; Gao et al. 2011; Sampe and Xie 2010) . The formation of the EASM is believed to be the product of land-sea thermal contrast, orographic forcing, and the seasonal shift of the subtropical westerly jet. In simulations with idealized continental configuration, land-sea thermal contrast alone, because of the differing response of land and ocean surfaces to the seasonally varying insolation, was shown to produce a precipitation zone to the east of the continent and a dry zone to the west through Rossby wave dynamics and ventilation of low moist static energy (MSE) air from the ocean to the land, which resemble the large-scale summertime precipitation pattern over Eurasia (Chou et al. 2001 ). More comprehensive simulations, however, suggest that a realistic EASM can be simulated only when topography over Asia is included (e.g., Kitoh 2004; Liu and Yin 2002; Park et al. 2012; Wu et al. 2012) . The Tibetan Plateau (TP) has long been held to exert a profound influence on the Asian climate primarily through thermal forcing (e.g., Flohn 1957; Yeh et al. 1957; Li and Yanai 1996) . During the warm season, increased surface heat flux over the TP drives the large-scale atmospheric circulation and reinforces the land-sea thermal contrast, resulting in an intensified EASM (Wu et al. 1997 (Wu et al. , 2002 (Wu et al. , 2007 (Wu et al. , 2012 : elevated heat flux causes cross-isentropic surface airflow along the TP slopes and results in cyclonic circulation around the TP in the lower troposphere and anticyclonic circulation [the so-called Tibetan or South Asian high (SAH)] in the upper troposphere (Yanai and Wu 2006) . The lower-level cyclonic circulation strengthens the moisture transport to the EASM regions, thus reinforcing the precipitation. The establishment of SAH, one of the hallmarks of the largerscale Asian monsoon, has a significant impact on the seasonal transition of the atmospheric circulation over the EASM areas and far-reaching influences over the entire Northern Hemisphere (Enomoto et al. 2003; Yanai and Wu 2006; Rodwell and Hoskins 2001) .
Recent work, however, suggests that mechanical effects might be more important than traditionally thought: the subtropical westerly jet, whose core is still located on the high-elevation terrain of the TP in late spring (Park et al. 2012) , induces a region of lower-level downstream convergence, which might be a primary driver of the EASM [work of Takahashi and Battisti, reported by Molnar et al. (2010) ]. This hypothesis might explain why the demise of the MB in mid-July is concurrent with the northward jump of the subtropical westerly jet (as already identified in late 1950s; e.g., Dao and Chen 1957; Suda and Asakura 1955) , in spite of increasing land-sea thermal contrast. While suggestive, the precise workings of this mechanism on the formation of the MB rainband have not been fully investigated.
In a recent observational study, Sampe and Xie (2010) called for a reinterpretation of the thermal influence of the TP on the EASM. At the beginning of boreal summer, because of the elevated topography and latent heating due to monsoonal convection in South Asia, air over and south of the TP is warmer than the surrounding regions. The subtropical westerly jet that is still prevailing over the TP advects warm air from the southeastern TP to the MB region. The warm air advection provides a largescale environmental forcing capable of maintaining the MB rainfall band even in the absence of diabatic terms. Such forcing can also steer weather disturbances, which favor vertical convection by intensifying lower-level moisture advection with transient upward motion. As the jet stream rapidly jumps northward in mid-July (e.g., Schiemann et al. 2009 ), westerly flow and maximum midtropospheric temperatures are no longer colocated, causing the rapid weakening of the EASM rainfall band.
Despite being a large-scale feature of the summer tropical and subtropical circulation over eastern Asia and the northwestern Pacific, the EASM is not well represented in most general circulation models (GCMs), both in terms of its climatological features and seasonal evolution (Sampe and Xie 2010) . Model resolution is found to be a factor affecting the quality of the simulated large-scale precipitation over the EASM region (Solomon et al. 2007 ). Ocean-atmosphere interactions are other factors believed to produce significantly different simulated precipitation in the Asian monsoon: the intensity of the EASM is relatively lower in atmospheric GCMS (AGCMs) in which sea surface temperatures (SSTs) are prescribed, and no interaction between atmosphere and ocean is allowed (Gao et al. 2011; Kitoh 2004) .
Because of the socioeconomic importance of the EASM, its meteorological and climatological significance are highlighted and widely investigated in the literature (e.g., Ding and Chan 2005; Wang 2006 ). However, even its large-scale dynamics, let alone factors controlling its multiscale variability, remains poorly understood. Fundamental questions, such as what controls the location and the seasonal evolution of the EASM front, or why maximum rainfall is not colocated with maximum SSTs, remain largely unanswered. Finding answers to these questions is even more pressing in the face of the predicted expansion of subtropical dry zones with climate change, with potentially significant impacts on subtropical precipitation fronts such as the EASM, and enhanced regional sensitivity to greenhouse gases and aerosol radiative forcing (e.g., Hirahara et al. 2012; Hsu et al. 2013) . In this paper, we attempt to address some of these questions, and we specifically focus on the mechanisms through which the TP affects the formation and seasonality of the EASM. This paper follows the same spirit of Sampe and Xie (2010) , but we frame our analysis within the more general context of the MSE and moisture budgets. In section 2, we briefly describe the data and model used in this study. In section 3, we summarize the MB climatology from a larger-scale perspective. In section 4, we discuss the observed MSE and moisture budgets, which are decomposed into mean and eddy contributions. The hypotheses emerging from the observations are further tested in section 5, where we use GCM simulations in which the TP is either retained or removed. Summary and discussion follow in section 6.
Data and model description
Precipitation data are from the Global Precipitation Climatology Project (GPCP) 18 Daily Precipitation Dataset (1DD) plotted over a 18 3 18 latitude-longitude grid from 1997 to 2008 with daily temporal resolution (Huffman et al. 2001) . All other data are from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) products, spanning the 20-yr period from 1990 to 2009. Surface fluxes (latent heat and sensible heat) and radiation fluxes are from ERA-Interim (1.58 grid; Dee et al. 2011 ) 3-h-forecast fields produced from forecasts beginning at 0000 and 1200 UTC. Data on pressure levels, such as temperature, wind field, and humidity, are obtained from ERAInterim (37 pressure levels, 512 3 256 N128 Gaussian grid, analysis fields produced for 0000, 0600, 1200, and 1800 UTC) in the Data Support Section of the National Center for Atmospheric Research (NCAR). The energy and radiation flux data are then converted to daily data, while data on pressure levels are analyzed at a four times daily frequency to improve eddy statistics.
We use the reanalysis data to compute the MSE and moisture budgets for the EASM, and we perform a decomposition of all terms in the budgets into mean, and stationary and transient eddy components. To do so, we conventionally denote (Á) 0 as the deviation from the monthly time mean (Á) for each individual year (e.g., u 0 5 u 2 u), and (Á) * as the deviation from the global zonal mean [Á] (e.g., u* 5 u 2 [u]). As detailed in Eq. (6), we thus decompose fluxes into mean, stationary, and transient eddy terms. Monthly total and eddy fluxes are computed for each year and then averaged over all available years to generate a 20-yr long-term climatology. Based on the above definitions, transient eddies contain submonthly synoptic-scale variability, with longerscale variability being captured by the stationary eddy terms.
Numerical simulations are performed with the atmospheric component of the Geophysical Fluid Dynamics Laboratory (GFDL) Atmospheric Model, version 2.1 (AM2.1; Anderson et al. 2004 ). AM2.1 uses a finitevolume dynamical core (Lin 2004 ) with 2.58 3 2.08 horizontal resolution and 24 vertical levels. Climatologically fixed SSTs from monthly mean Reynolds SST analysis are used as boundary condition (Smith et al. 1996) . Two different model integrations are performed with different topography over Asia, one where full topography at present-day height is retained (control) and one where the TP and the Himalaya mountains are removed (experiment). More specifically, in the no-TP experiment, the entire TP and Central Asian mountains from 458 to 1258E and from 288 to 558N are reduced by 95%. The experiments are the same as those described in Park et al. (2012) . Climatological mean winds, temperature, and geopotential height fields obtained from the control run are used as initial conditions in the experiment run. Each experiment ran for 19 years, and the last 12 years of the simulations are used for the analysis.
Previous studies have shown that the presence of the TP causes changes in the SSTs in the surrounding oceanic regions, which have an impact on the evolution of the EASM in addition to the direct effects from the TP (Abe et al. 2004; Kitoh 2004) . However, in this paper, we focus on the direct effects of the TP on the EASM and leave examination of possible indirect effects through SST changes to future studies.
Meiyu-baiu climatology
Following Sampe and Xie (2010), we define 15 June-14 July, 16 May-14 June, and 15 July-13 August as the climatological MB, pre-MB, and post-MB seasons, respectively. During the MB season, a spatially wellorganized rainfall band extends over East Asia and the northwestern Pacific (Fig. 1a) . The time evolution of the daily precipitation averaged over the MB region (Fig. 1b) shows a gradual increase from winter to late spring, and a sharp increase in mid-June, when the precipitation reaches its peak; around mid-July, the precipitation decreases rapidly and returns to values comparable to those in the pre-MB season. The MB also shows a large interannual variability in its duration and intensity which causes variations up to 20% (1s variability) in precipitation during the MB season (Fig. 1c) , far larger than that in the Indian summer monsoon (e.g., Krishnan et al. 2011) .
The climatological conditions of the MB have been described at length in the literature (e.g., Ding and Chan 2005; Ninomiya and Murakami 1987; Sampe and Xie 2010 ) and here we only provide a brief summary. Generally speaking, the MB rainfall is associated with pronounced lower-level moisture flux convergence (Fig. 2a ) and wind convergence (Fig. 2c) . A large meridional gradient of specific humidity (Fig. 2a) is present in both the meiyu and the baiu regions but a sharp meridional gradient of temperature (Fig. 2b) is only seen in the baiu region and farther downstream over the northwestern Pacific, which confirms that only the baiu is associated with a lower-level baroclinic zone (e.g., Chen and Chang 1980; Ding 1992; Ding and Chan 2005) . The importance of the zonal wind (i.e., the subtropical westerly jet) in the maintenance of the rainband has been strongly emphasized in the literature (e.g., Molnar et al. 2010; Sampe and Xie 2010) , while the role of the meridional wind has primarily been interpreted in association with the southerly moisture transport from tropical oceans. Here, we will argue for a more fundamental role of the meridional wind as an intrinsic component of the circulation response to the TP forcings and an essential element of the MB front. As is evident in Fig. 2d , over the MB region the meridional wind is primarily from the south, advecting warm and moist air from the tropical oceans to support the MB rainfall band. The meridional wind convergence contributes significantly to the total horizontal convergence (Fig. 2c) ; in fact, the zonal winds diverge in the MB region primarily due to the interaction of the zonal wind and the TP. 
where Q is diabatic heating-cooling, c p is the specific heat at constant pressure, s 5 c p T 1 gz is the dry static energy, v is horizontal wind, v is the vertical pressure velocity, T is temperature, z is geopotential height, and g is gravitational acceleration. Here (Á) 0 denotes time deviations from the temporal mean (Á). Averaged over a climatological period, the heat storage on the left-hand side can be neglected. Here we briefly discuss the thermodynamic budget in the MB region based on ERAInterim data and compare our most important findings with those in Sampe and Xie (2010) .
In the tropics, the leading-order balance is between the vertical advection term [second term on the right-hand side in Eq. (1) contributions from the horizontal temperature advection (the third term on the right-hand side) because of weak temperature gradients (e.g., Sobel et al. 2001) . However, in the MB region, especially over the baiu region and the northwestern Pacific, horizontal advection becomes significant and provides warm air advection that well correlates with the vertical ascending motion (Figs. 3c,f; Sampe and Xie 2010). Both zonal and meridional components contribute to the overall pattern of warm air advection in the MB region, with the former dominating in the meiyu region and the northwestern Pacific at lower latitudes (Figs. 3a, d) , and the latter dominating in the baiu region and the northwestern Pacific at higher latitudes (Figs. 3b, e) . In partial agreement with Sampe and Xie (2010) , we find that transient eddy fluxes are negligible in limited areas of the MB region but become more important farther downstream over oceanic regions (Fig. 3i ). While the midtropospheric dry thermodynamic balance successfully explains the overall position of the MB rainfall band, it has the conceptual disadvantage of treating the diabatic term as a known forcing, which in fact influences and strongly depends on the circulation itself. Even when used as a diagnostic tool from reanalysis data, it provides the challenge of estimating the not readily available diabatic term as the residual of the thermodynamic budget, with results potentially dependent on the relatively coarse vertical resolution.
b. Moist static energy balance
Previous work has emphasized the advantages of the MSE budget over the dry thermodynamic equation in studies of tropical-subtropical circulations in which comprehensive effects of temperature, humidity, and diabatic processes are taken into consideration, and the interaction between moist convection and the circulation is accounted for (e.g., Chou and Neelin 2003; Neelin 2007) . Following these studies, first we consider the vertically integrated thermodynamic and moisture equations in pressure coordinates, 
where q is specific humidity and hÁi indicates a vertical mass integral [i.e., Ð (Á) dp/g]. The vertically integrated change of internal energy and work done by the atmosphere is balanced by the energy fluxes at the boundaries of the atmospheric column, that is, the net shortwave radiation S net , the net longwave radiation R net and the sensible heat SH, and the convective heating Q c . The vertically integrated change of moisture in the atmospheric column is balanced by the evaporation LH/L y and precipitation 2hQ q i/L y , where LH is the surface latent heat flux, Q q is moistening, and L y is latent heat of vaporization. The sum of convective heating and moistening must be zero in the atmospheric column because precipitation
The MSE balance in the atmospheric column is obtained by summing Eqs. (2) and (3) and averaging over a climatological period:
and
where h 5 c p T 1 gz 1 L y q is the MSE, E 5 c p T 1 L y q is the atmospheric moist enthalpy, and F net is the net energy flux into the atmosphere, with the subscript t and s denoting the top of atmosphere and surface, respectively. The vertical advection of MSE is the column-integrated product of vertical velocity in pressure coordinate v and the MSE stratification › p h, whose vertical integral in the troposphere is negative in pressure coordinates. Therefore, regions of positive vertical advection, where hv›h/›pi . 0, correspond to ascending vertical motion, and vice versa. That is, vertical motion can be inferred from the sum of the net energy flux into the atmospheric column and horizontal advection of moist enthalpy, provided that the storage term is negligible over a climatological period. In the tropics and over land, the vertical MSE advection is almost entirely balanced by the net energy flux; however, over oceans outside of the deep tropics, the horizontal advection of moist enthalpy is nonnegligible and essential in maintaining vertical motions (Fig. 4) . The horizontal moist enthalpy advection has also been shown to be critical in setting the poleward boundary of monsoonal convergence zones over subtropical continents (Chou and Neelin 2003; Neelin 2007) . In the extratropics, where precipitation is primarily due to moisture transport along isentropes by large-scale baroclinic eddies, vertical motion is primarily along rather than across isentropes (which are parallel to isobars in the tropics), and the stratification (which determines the total gross moist stability) is dynamically determined (e.g., Schneider 2004), rather than thermodynamically constrained to follow a moist adiabat as it is in the tropics. Therefore the MSE budget in the extratropics provides weaker constraints on the circulation (e.g., Merlis and Schneider 2010) . With these caveats in mind, the MSE budget as written in Eq. (4) does hold across latitudes and we will use it in the MB region to shed some light on its dynamics. As discussed in previous studies (e.g., Chou and Neelin 2003) , F net is positive over land and most convective zones in tropical oceans but negative in extratropical oceans (Fig. 4, left) . In boreal summer, the continents in the Northern Hemisphere receive high insolation extending all the way to high latitudes. The outgoing longwave radiation depends largely on the upper-tropospheric temperature and cannot fully compensate the incoming insolation. The thermal inertia of land is very small, which results in a zero heat flux condition at the surface (Chou and Neelin 2003) , whereas, over the oceans, the net flux into the surface can be balanced by heat transport and heat storage, which in turn affects F net . As a result, F net is positive over the Northern Hemisphere continents and convective oceanic regions in boreal summer. The horizontal advection of moist enthalpy tends to offset F net in most regions (Fig. 4, center) . Over land and convective tropical oceans, the horizontal moist enthalpy advection is negative, indicating that moist enthalpy is transported away from regions of positive F net ; however, over nonconvective oceans and parts of the continents, the horizontal moist enthalpy advection is positive, indicating that moist enthalpy is transported into these regions of negative F net from neighboring areas.
The vertical MSE advection in Fig. 4 (right) is obtained explicitly as the product of the MSE stratification, which is susceptible to the relatively coarse vertical resolution of the data used, and the vertical velocity. In our analysis, the MSE budget [Eq. (4)] does not close, resulting in a relatively small residual caused by insufficient vertical resolution, nonresolved subgrid-scale motions, and existing imbalances of atmospheric energy and mass in the reanalysis data from both the ERA-Interim forecast model and the assimilation system (Berrisford et al. 2011 ). In Fig. 5 (left) we show the vertical MSE advection computed as the difference between F net and the horizontal moist enthalpy advection, which therefore includes the residual necessary to close the budget (note the opposite sign in Fig. 4 , right, and Fig. 5, left) . Given that the MSE stratification is mostly negative in pressure coordinates, the vertical motion is qualitatively coupled with the vertical advection of MSE: ascending and descending motions are expected to occur where the sum of the net energy input and advective fluxes is positive and negative, respectively. This qualitative correspondence does not, however, imply a quantitative mapping, since the MSE stratification varies spatially. In the baiu region and the northwestern Pacific Ocean, the fact that precipitation occurs in a region of otherwise negative net energy input into the atmospheric column invalidates the traditional tropical-subtropical balance in which ascending motion is correlated with positive net energy input into the atmospheric column. The horizontal moist enthalpy advection therefore plays an essential role in sustaining the MB rainfall band.
In the seasonal evolution of the EASM, both the net energy into the atmosphere and the horizontal moist enthalpy advection vary in location and intensity. In the pre-MB season, F net is positive over continents and tropical oceans but decreases rapidly poleward over the oceanic regions (Fig. 4a) . The horizontal moist enthalpy advection 2hv Á $Ei is prevailingly negative and offsets F net in most continental and tropical regions, except over and to the east of the TP (Fig. 4b) . The sum of these two terms is the vertical MSE advection (Fig. 4c or 5a) , whose pattern resembles the precipitation pattern in the pre-MB season (Fig. 5d) . In turn, the precipitation pattern is spatially correlated with the pattern of horizontal moist enthalpy advection everywhere, except over southeast China, where vertical ascending motion is colocated with positive F net . To the north of the rainfall band, strong negative horizontal moist enthalpy advection is balanced by vertical descending motion. Over the oceans, precipitation occurs in regions of weak energy flux but strong positive horizontal moist enthalpy advection; however, the horizontal moist enthalpy advection cannot balance the strong negative energy flux in the midlatitudes, resulting in an unfavorable region for convection.
During the MB season, the energy flux (Fig. 4d) decreases in the MB region and the northwest Pacific Ocean, mainly because of increased reflection of insolation due to increased cloud cover and decreased latent heat flux over oceanic regions. In the tropical and subtropical oceans, however, as the SSTs continue to increase, evaporation from the ocean increases accordingly, resulting in an increase in net energy input into the atmospheric column. Nevertheless, convection is not favored to the south of the MB region despite higher SST values (Sampe and Xie 2010; Fig. 5e ). Sampe and Xie (2010) attribute this preference of convection over the northwest Pacific Ocean with lower SSTs to the combined effect of the midtropospheric warm air advection and weather disturbances steered by the subtropical westerly jet. In the framework of the MSE budget, this preference is largely governed by the horizontal moist enthalpy advection: to the south of the MB region, regardless of higher SSTs, the net energy is weak and cannot trigger convection; the horizontal moist enthalpy advection is large over the northwestern Pacific while hardly affecting or even suppressing convection in the subtropical ocean. The MB rainfall band, similar to what is seen in the pre-MB season, is primarily sustained by the horizontal moist enthalpy advection, with its overall structure and location resulting from both the net energy input and the horizontal moist enthalpy advection (Fig. 4f or 5b ). In addition, over the meiyu region, the horizontal moist enthalpy advection is positive before and during the MB season, but becomes negligible in the post-MB season.
In the post-MB season, the net energy flux over the ocean increases in tropical and subtropical latitudes but decreases in the midlatitudes. Over the continents, it decreases in most regions (Fig. 4g) . The horizontal moist enthalpy advection displaces poleward and becomes less intense, resulting in a sharp reduction in horizontal moist enthalpy advection over the MB region but a slight increase to both its south and north (Fig. 4h) . As a result, the MB region is less favored energetically and a bifurcation of the vertical MSE advection is formed to the south and north of the MB region (Fig. 4i or 5c ). This pattern of vertical MSE advection explains the suppression of rainfall and revival of convection over the subtropical northwestern Pacific during and after the MB season: during the MB season, despite high SSTs, strong negative horizontal moist enthalpy advection is balanced by descending motions in this region; after the MB season, the increase in net energy flux into the atmosphere combined with a reduction in negative horizontal moist enthalpy advection provides a favorable environment for the development of convection (Fig. 5f) .
The similarity between the vertical MSE advection and the precipitation pattern in the three subsequent seasons using two independent datasets (Fig. 5, cf . left and right) gives us confidence in the validity of using the MSE framework to study the climatology and seasonality of the EASM. 
c. Energy advection decomposition
During the MB season, both F net and horizontal moist enthalpy advection are important in sustaining the rainfall in the meiyu region; however, in the baiu region and the northwestern Pacific, energy input into the atmosphere is negative, and the horizontal moist enthalpy advection alone sustains the rainfall. Given that the horizontal moist enthalpy advection plays an essential role in positioning the stationary MB rainfall band, heuristically we expect the stationary eddy fluxes to be the dominant terms in the horizontal moist enthalpy advection. Here we decompose the horizontal moist enthalpy advection into mean, transient, and stationary eddy fluxes. As explained in section 2, (Á) 0 and (Á)* denote deviations from the time (Á) and zonal [Á] mean, respectively. Hence, the time mean advection of the atmospheric energy hv Á $Ei can be written as
The first term on the right-hand side is the zonal-mean energy advection by the zonal-mean flow; the second term is the advection of the stationary eddy energy by the zonal-mean flow; the third term is the advection of the zonal-mean energy by the stationary eddy velocity; the fourth term is the advection of the stationary eddy energy by the stationary eddy velocity; and the fifth term is the advection of the transient eddy energy by the transient eddies.
The zonal-mean term h[v] Á [$E]i is very small compared to the other terms and can be neglected (not shown). All other terms are shown in Fig. 6 (left) , together with separate contributions by the dry enthalpy (Fig. 6 , center) and latent energy (Fig. 6, right) . Comparing the horizontal dry enthalpy advection and latent energy advection on the MB region during the MB season, we find that the dry enthalpy component tends to dominate in the core of the MB region, with the latent energy advection becoming important only over the midlatitude ocean. Previous evaluations based on observational and numerical studies argued latent energy advection through the lower-level southwesterly transport of moisture from the tropical oceans, including the Bay of Bengal (BOB), the SCS, and the western Pacific, to be the major source of energy for the development and maintenance of the rainfall band over the MB region (e.g., Ninomiya and Murakami 1987; Kuo et al. 1986; Wang 1987; Wang et al. 1993) . However, our analysis deemphasizes the importance of moisture advection as an energy supply and confirms that the MB rainfall band, from a large-scale perspective, is mainly the result of dry enthalpy advection (Sampe and Xie 2010). As we have identified the horizontal dry enthalpy advection as the main component in the horizontal moist enthalpy advection, we now focus on its eddy fluxes and assess their relative contributions to the moist enthalpy advection.
The total dry enthalpy advection results from the advection of the stationary eddy dry enthalpy by the zonal-mean flow 2h[c p v] Á $T * i (Fig. 6e) , the advection of the zonal-mean dry enthalpy by the stationary eddy velocity 2hc p v* Á [$T]i (Fig. 6h) , the pure stationary eddy flux 2hc p v* Á $T * i (Fig. 6k) , and the transient eddy flux 2hc p v 0 Á $T 0 i (Fig. 6n) . All the three stationary eddy fluxes have positive dry enthalpy advection into the MB region and the northwestern Pacific; however, the transient eddy flux, which is expected to diverge atmospheric energy away from the subtropics into higher latitudes, has opposite sign in the MB region. The first two terms, 2h[c p v] Á $T * i and 2hc p v* Á [$T]i, vanish when one takes the global zonal mean, but represent stationary eddy-mean flow interactions, which locally are of primary importance. The pure stationary eddy flux and the transient eddy flux are comparable in magnitude to the other two stationary eddy fluxes, but they appear to have similar spatial patterns of opposite sign, such that their combined contribution to the total dry enthalpy advection over the overall MB region and the northwestern Pacific is negligible. This is even more evident if we look at the zonal and meridional components of dry enthalpy advection (not shown), which are dominated by 2h[c p v] Á $T * i and 2hc p v* Á [$T]i, respectively, with a negligible contribution from the corresponding components of the pure stationary and transient fluxes. While we still do not understand to what extent this cancellation might be a coincidence or an intrinsic feature of the EASM, we also observe it in the numerical simulations discussed in the next section. For this reason, in the following we primarily focus on the two stationary eddy fluxes that depend on stationary eddy-mean flow interactions, that is, the advection of the stationary eddy dry enthalpy by the zonal-mean flow, 2h[c p v] Á $T * i, and the advection of the zonalmean dry enthalpy by the stationary eddy velocity,
The [v] Á $T * term is approximately equal to the product of the zonal mean zonal wind [u] and the longitudinal stationary thermal gradient due to zonal asymmetries › x T * . The v* Á [$T] term is equal to the product of the meridional stationary eddy velocity y* and zonal mean meridional temperature gradient [› y T]. The zonal mean zonal wind and the zonal mean meridional temperature gradient are primarily determined by the global energy and momentum budgets and barely affected by local forcings, especially in Northern Hemisphere summer (cf. Peixoto and Oort 1992) . Hence, the presence of the TP will not influence zonal mean quantities but will be primarily manifest in the local longitudinal thermal gradient due to zonal asymmetries › x T * and the meridional stationary eddy velocity y*.
The zonal gradient of the stationary temperature term › x T * is due to the land-sea thermal contrast and the TP thermal effects. Given that during the MB season the predominant winds are still eastward, both locally over the TP and the MB region and in the zonal average at these latitudes, the land-sea differential heating results in warm air advection in the downstream of the TP. Such inhomogeneous heating is reinforced by the presence of the TP, which is heated up rapidly during the spring and summer. The factor [u]› x T * is the backbone of the theory in Sampe and Xie (2010) , in which the advection of warm air from the TP to the MB region is argued to be the major forcing of the MB rainfall system. The presence of the TP can also contribute to the meridional stationary eddy velocity y* in its downstream by both thermal and mechanical effects. The thermal effect can drive lower-level cyclonic circulation around the TP, which enhances the southerlies in the MB region. The mechanical interaction between the subtropical westerly jet and the TP induces a region of lower-level convergence in its downstream, with southerlies to the south and northerlies to the north of the MB region.
In the zonal mean, transient and stationary eddy fluxes are the primary means by which energy is transported poleward in the extratropics to satisfy the global energy budget. Zonal asymmetries can create regions of enhanced and suppressed eddy transport through local effects. For instance, in a recent work, Kaspi and Schneider (2013) show that a zonally asymmetric surface heating in an otherwise uniform slab ocean can shape storm tracks by modulating local baroclinicity through stationary fluxes. In the MB region, the local moist enthalpy advection arises, as shown by our analysis above, because of zonal asymmetries due to both land-sea contrast and the TP. The precise role of the TP in the local moist enthalpy advection, which cannot be assessed by means of observations only, will be more systematically explored using numerical simulations in the next section.
d. Moisture budget
The distribution of the net precipitation in the MB rainfall needs to satisfy the moisture budget:
Averaged over a climatological period, the tendency term h› t qi and the vertical term h› p (vq)i can be neglected (not shown). The convergence of moisture flux 2h$ Á (vq)i can be decomposed into the moisture advection 2hv Á $qi and the product of moisture and wind convergence 2hq$ Á vi. In most of the MB region, particularly over the oceanic regions, surface evaporation is limited (Fig. 7b ) and the moisture flux convergence (Fig. 7a) plays a more dominant role in water vapor supply. Further decomposition indicates that the moisture flux convergence primarily arises from the wind convergence (Fig. 7c) over the MB region, whereas moisture advection becomes dominant in midlatitude oceanic regions (Fig. 7d) , consistent with the results discussed in the previous section. As we did for the MSE budget, we decompose
, and transient eddy fluxes (Fig. 8a) , while the zonal asymmetries due to water vapor are negligible (Fig. 8b) . As argued above, the presence of the TP will primarily impact stationary quantities, including the stationary eddy convergence term 2$ Á v*. The pure stationary eddy flux 2q* $ Á v* is comparable to the 2[q]$ Á v* term over the meiyu region, but becomes negligible over the baiu and oceanic regions (Fig. 8c) . The transient eddy flux 2q 0 $ Á v 0 plays only a minor role.
The results discussed so far identify the longitudinal thermal gradient due to zonal asymmetries › x T * and the meridional stationary eddy velocity y* as important dynamical factors implicated in the MB formation. In the next section, we perform numerical simulations with the AM2.1 AGCM to explore how the presence or absence of the TP affects the MB rainfall through these exposed factors.
Numerical experiments
Here we analyze the AM2.1 control simulation and the experiment simulation to explore the role of the TP on the existence of the EASM. The control experiment simulates reasonably well the seasonal evolution of the EASM (Fig. 9) . However, the model underestimates the precipitation over the MB region, possibly because of coarse resolution and deficiencies in the convective parameterization. When the TP is removed, the MB rainfall almost disappears and oceanic precipitation in the deep tropics slightly increases. This confirms that the TP plays a fundamental role in the existence of the EASM, in agreement with previous studies (e.g., Kitoh 2004; Park et al. 2012; Wu et al. 2012) . Figure 10 shows the precipitation distribution and the vertical MSE advection calculated as the difference between F net and horizontal moist enthalpy advection in the control run and experiment run. The precipitation is strongly coupled with midtropospheric vertical velocity, which is highly correlated with the vertical MSE advection. In the presence of the TP, a tilted, intensified rainfall band expands across the MB region and to the northwestern Pacific. In the absence of the TP, however, the precipitation over the MB region is significantly weakened and sparsely distributed. The suppression of precipitation over higher SST regions is not observed in the absence of the TP. The similarity between the precipitation pattern and the vertical MSE advection further confirms the feasibility of our framework in capturing the precipitation in the MB season. The difference between the experiment run and control run in the vertical MSE advection mainly results from changes in horizontal moist enthalpy advection rather than changes in net energy flux over the MB region (not shown). The change in horizontal moist enthalpy advection is dominated by changes in the horizontal dry enthalpy advection, with smaller or opposite signed changes in latent energy advection (Figs. 11a,b) . The presence of the TP creates a narrow and tilted band of positive dry enthalpy advection in its downstream, highly resembling the rainfall pattern. Strong negative advection, which is balanced by descending motion, appears to the north and south of the positive advection zone.
Performing the same decomposition of the dry enthalpy advection in mean and eddy terms as the one presented in section 4c, we find that the main contribution to the total dry enthalpy advection (Fig. 11a) arises from the advection of the zonal mean dry enthalpy by stationary eddies 2hc p v* Á [$T]i (Fig. 11d) . Interestingly the advection of the stationary eddy dry enthalpy by the zonal-mean flow 2hc p [v] Á $T * i (Fig. 11c) only exerts a minor and relatively local influence over the near downstream of the TP. Similar changes occur in the midtropospheric warm air advection at 500 hPa (not shown). This result shows that local heating over the TP, which reinforces the land-sea thermal contrast, and hence the longitudinal temperature gradient, only impacts the near downstream of the TP, leaving the baiu region and the northwestern Pacific largely unaffected. However, the presence of the TP, through both its mechanical effect and changes in the circulation due to the thermal effect, influences the meridional stationary eddy velocity and helps sustain the MB rainfall band. The pure stationary eddy flux and the transient eddy flux both increase in magnitude in the presence of the TP (Figs. 11e,f) , but their combined contribution to the total dry enthalpy advection remains negligible.
To further expose the role of the TP in determining patterns of dry enthalpy advection necessary to maintain the MB front, we compute the anomalous advection of the mean dry enthalpy by stationary eddies as the difference between the control (v c * Á [$T] c ) and experiment (v e * Á [$T] e ) simulations and we further partition it in such way that The same analysis is performed on the moisture budget and it is found that the presence of the TP primarily influences the stationary eddy convergence term in the product of the zonal mean moisture and stationary eddy convergence 2h[q]$ Á v*i (Fig. 12) . The presence of the TP barely exerts any influence on the zonal mean atmospheric specific humidity. The enhanced moisture flux convergence therefore is primarily due to enhanced wind convergence, or more specifically lower-level convergence, because the term 2h[q]$ Á v*i is highly weighed by the water vapor content, mostly confined in the lower troposphere. . This reveals that the pattern of change in the advection of the zonal mean dry enthalpy by stationary eddies is similar to that in meridional stationary eddy velocity, or meridional velocity, given that the change in the zonal mean meridional velocity is negligible in the simulations (Fig. 11d) .
The meridional stationary eddy velocity y* shows a strong first baroclinic structure in the MB region (averaged from 1108 to 1608E) in both the reanalysis data (Fig. 13a ) and the AM2.1 numerical simulation in the presence of the TP (Fig. 13b) , with strong southerlies in the middle and lower troposphere and northerlies in the upper troposphere and stratosphere. It also shows pronounced meridional convergence almost throughout the entire troposphere, with maximum up to 200 hPa, between 308 and 408N. In the absence of the TP, the strength of the meridional stationary eddy velocity is significantly weakened, and is accompanied by a sharp reduction in its convergence in the free troposphere (Fig. 13c) . The difference between the control and experiment runs is shown in Fig. 13d , with the presence of the TP causing pronounced southerly wind to the south and northerly wind to the north of the MB region, and hence strong convergence over the MB region. The spatial patterns of changes in the vertically integrated meridional stationary eddy velocity convergence and stationary wind fields are shown in Figs. 11a,d . The reinforced southerlies over the MB region in the presence of the TP bring abundant warm and moist air from tropical oceans to the MB region and the northwestern Pacific. The enhanced northerlies to the north of the MB region prevent the southerlies from invading farther north and are associated with the meridional wind convergence (Figs. 13b and 14a) . The meridional convergence has to be balanced by zonal divergence if integrated vertically. In pressure coordinates and neglecting topographic effects on boundary velocity, the continuity equation
can be written as h› x u 1 › y yi 5 h› x u* 1 › y y*i 5 0. Therefore, the convergence of the meridional stationary velocity (Fig. 13a) is coupled with divergence of the zonal stationary velocity (not shown). The zonal wind diverges over the MB region due to the interaction with the TP and the effect from the subtropical high, as well as possible influences by the precipitation system itself. The lower-level wind convergence (integrated from surface to 700 hPa; Fig. 14c ), due to the meridional wind convergence ( Fig. 14a) and partly offset by zonal wind divergence (Fig. 14b) , resembles the anomaly in the product of the zonal mean moisture and stationary eddy convergence
At least qualitatively, the horizontal stationary eddy convergence and the meridional stationary eddy velocity can be related through Sverdrup balance, by* ; f › p v*. While not perfect [note, for instance, that the maximum of the meridional stationary eddy velocity, indicated by the zero line of its meridional gradient (Fig. 14a) , and the maximum southerly wind velocity are not exactly colocated], this balance does seem to hold reasonably well in the MB region.
Summary and discussion
We have used the MSE and moisture budgets in observations and simulations with and without the TP to identify large-scale mechanisms controlling the development and seasonality of the EASM. Novel results emerging from this study include the following:
d Positive horizontal moist enthalpy advection, and primarily dry enthalpy advection, sustains the MB rainfall band in a region of otherwise negative net energy input into the atmosphere.
d The zonal thermal gradient due to zonal asymmetries › x T * and the meridional stationary eddy velocity y* are the dominant stationary terms creating the pattern of total dry enthalpy advection in the MB region.
d The largest contribution to the moisture flux convergence sustaining the MB rainfall arises from stationary eddy convergence 2$ Á v*. stationary eddy velocity y* as well as its meridional gradient › y y*. Changes in the zonal thermal gradient due to zonal asymmetries › x T * have a lesser impact and are confined to the near downstream of the TP.
In the literature, it is well accepted that the onset and demise of the MB season are governed by the position of the subtropical westerly jet (e.g., Ding and Chan 2005; Park et al. 2012; Molnar et al. 2010; Sampe and Xie 2010) , but the exact mechanisms are less well agreed upon. It has been suggested in Sampe and Xie (2010) that horizontal warm air advection from the southeastern flank of the TP by the subtropical westerly jet can initiate ascending motion that would have to be balanced by lower-level convergence and can sustain the front even in the absence of diabatic forcing. Our analysis confirms the importance of the horizontal dry enthalpy advection, but in addition to the advection by the zonal mean flow of temperature zonal asymmetries, it exposes the meridional advection of the mean temperature by the meridional stationary eddy velocity as a key mechanism. It is revealing that in the AM2.1 simulations, the anomalous advection by y* of the mean dry enthalpy is strongly coupled to the meridional stationary eddy velocity: increased meridional stationary eddy velocity amplifies the positive energy advection into the MB region and the northwestern Pacific Ocean and therefore intensifies the precipitation. Its pattern (i.e., latitudinal gradient) determines the wind convergence and is closely coupled with zonal eddy velocity. Although the total (zonal and meridional) warm air advection, as investigated by Sampe and Xie (2010) , can successfully explain the location and seasonality of the MB, the application of the MSE budget, together with the eddy decomposition, allows us to isolate one single dominant factor y* based on a widely applicable theoretical framework, which might encapsulate the influences of the TP on the formation of the EASM. Together with the upper-level westerly jet, the lowerlevel southerly flow around the subtropical high has also been identified as important in the climatological position and seasonal evolution of the MB front. Rodwell and Hoskins (2001) investigated the dynamics of summertime subtropical anticyclones in a dry model forced by the observed diabatic heating and argued for a more dominant role of the diabatic heating over the topography in driving the meridional southerly flow in the western flank of the North Pacific subtropical anticyclone. In moist circulations, such as the MB front, however, this separation might be artificial, given that patterns of convergence and divergence induced by topography shape and interact with the distribution of the diabatic heating. By using the MSE budget, we circumvent the need to specify or diagnose the diabatic heating and more generally focus on the role of thermally and/or mechanically induced stationary flows on the formation of the MB front. Kodama (1992) investigated the baiu front from an observational perspective, together with other subtropical convergence zones (STCZs), and found that the lower-level poleward flow around the subtropical high and the subtropical jet are two necessary circulation features for generating the STCZs. His study highlights the role of the lower-level poleward flow in water vapor transport, intensification of the moisture convergence, frontogenesis in equivalent potential temperature fields, and generation of convective instability. The poleward flow itself is interpreted as forming geostrophically in the longitudinal pressure gradient between the monsoonal heat low and the subtropical high (Kodama 1992; Ninomiya 1984) . Our analysis suggests that these circulation features might not be independent from each other, and, by means of the MSE and moisture budgets, sheds further light into their role in the MB front in terms of their resulting pattern of positive enthalpy advection. In fact, in the presence of upper tropospheric westerly flow, any zonal asymmetry, such as topography, land-sea thermal contrast, and diabatic heating, can induce stationary Rossby waves, with associated temperature, moisture, and wind perturbations [see, e.g., Held et al. (2002) for a comprehensive review of stationary waves in the Northern Hemisphere winter]. Dispersion characteristics of these stationary Rossby waves might explain aspects of the observed MB, such as its spatial extent and tilted structure. These questions will be addressed in future work.
The results presented here suggest that the TP might influence the EASM by both thermal and mechanical effects. In nature, these two effects cannot be separated and we do not attempt to give a quantitative assessment of their relative roles in this paper. Future studies will attempt a more quantitative assessment by performing modified surface flux and albedo simulations (e.g., Wu et al. 2012) . However, the successful explanation of the MB rainfall season within the framework of the MSE budget gives us confidence in continuing to explore attributable factors in the intermodel spread in phase5 of the Coupled Model Intercomparison Project (CMIP5) EASM simulations and in attempting to assess future changes in the EASM in the context of global warming. Factors including accelerating warming and widespread loss of glacier and snow cover throughout the twenty-first century in the Special Report on Emissions Scenarios (SRES) A1B scenario (Solomon et al. 2007) , the expansion of the subtropical dry zones and changes in position and strength of the westerly jet, the possible nonlinear changes in dry enthalpy advection and latent energy advection because of polar amplification, and heterogeneous changes in relative humidity might all be critical in the future evolution of the EASM. The MSE and moisture budgets are expected to provide insights into the possible role of all these factors in EASM changes in a unified theoretical framework.
